Previous studies have suggested that the use of high-capacity transportation (HCT) can lead to low-carbon road-transportation in the forest industry. This study shows the impacts (in terms of energy efficiency) of a three-year adaptation process of transportation (2014)(2015)(2016) towards HCT that took place in a synchronized transportation system (STS). The use of three transportation fleet-management control (TFMC) methods was analyzed in various road infrastructures. Energy-efficiency calculations were undertaken based on the HCT vehicles' mass limits (64, 68 and 76 t). The use of 76 t vehicles increased energy efficiency by 13.4% and reduced CO 2 emissions by 3.5% (to 49.6 g/tkm). In addition, the results show that the energy efficiency of the STS could be improved by a further 3.1%. In this respect, the proposed TFMC was used to adjust the STS towards vehicle-group transportation while meeting the road-class constraints of local wood supply chains. Forest-industry companies in Finland and abroad can use the tailored TFMC to optimize the STS in the near future and to achieve the energy-efficient STS and the regulations of the European Commission in wood-procurement logistics.
Introduction
The European Commission seeks efficient solutions to help Europe consume less energy. The ultimate goal is for the European Commission to have a low-carbon, circular economy [1] . To reach this goal, the Commission seeks to cut the exhaust emissions to 80% below its 1990 level by 2050. According to the road map for this goal, the major steps towards achieving this target are to reach a 40% cut by 2030 and a 60% cut by 2040 [2] . In addition, the road map emphasizes that the change from fossil fuels to a low-carbon economy is feasible if all industrial sectors contribute towards reaching the targets. This means that the transportation sector of the European forest-product industry needs to implement energy-efficiency measures to ensure that these climate goals will be attained. Furthermore, the transportation sector's adaptation process is important towards environmental sustainability because the European Commission has anticipated that, without regulations, the quantity of road transportation (ton-kilometer, tkm) will increase to 80% above its 2005 level by 2030 [3, 4] .
As a response to the road map, the Finnish forest industry has advanced environmental sustainability through the development of fossil-fuel monitoring of the production process and the biofuel supply cycles in the circular economy [5, 6] . In this respect, road-freight transportation is already a main source of human-caused impact on Finnish industrial ecosystems [6] [7] [8] . Several researchers have reported that there are energy-related environmental problems to manage, both in the European Union and in Scandinavia, as road transportation contributes to more than 20% impact in the forest industry [9, 10] , and trucks cause almost one third of total exhaust emissions from transportation [11, 12] . It is evident that road-freight transportation is a globally significant carbon source [13, 14] , but, on the other hand, this type of transportation includes the necessary service from forests to mills in the Finnish forest industry [7, 8] . There is pressure to increase timber transportation so as to satisfy the increasing demand for wood in the growing bio-economy in Finland. Thus, there is also an urgent need to adapt the transportation fleet to meet environmental requirements, such as by increasing energy efficiency using effective fleet-management methods.
Increased use of larger and heavier vehicles for road-freight transportation may increase the risk of certain environmental disturbances, while timber truck's engines comply with the legal energy-efficiency requirements. In Finland, the Euro VI is now being used for heavy trucks [15] . However, environmental emissions of timber transportation are often calculated for diesel fuel consumption using an old environmental standard of air pollution [16] . Furthermore, the European Commission introduced the standard for heavy-duty diesel engines in 2013, which sets the maximum emission values of environmental contaminants for CO, HC, NOx and PM, respectively, 1.5, 0.13, 0.4 and 0.01 g/kWh [17] . This standard can be used to calculate a maximum level of air emissions in terms of transportation distance and timber quantity (g/tkm) transported. On the other hand, emission calculation from transport is practical by using new emission factors per liter fuel consumed, respectively, 0.13, 0.06, 0.09 and 0.01 g/L [18] . The values are primarily used for Volvo trucks, but the factors are applicable for energy efficiency calculations of trucks in the fleet management of this study. It is worth remembering that the calculation of CO 2 emissions is a straightforward task because diesel has a fixed CO 2 content of 2.66 kg/L when used in fuel consumption [10, 12, 19] . Therefore, energy efficiency values can be calculated accurately to allow for comparison of the fleet-management methods in various logistics transport situations in Finland.
In 2016, the total wood volumes supplied by the wood-procurement organizations from forests to internal and external mill customers were about 70 million·m 3 (solid over the bark) in Finland. As an example of three largest organizations of Finland, Stora Enso is a global forest-product company that is committed to continuous improvement in the issue of energy efficiency [20] [21] [22] . Its wood procurement region includes municipalities in the whole country, except south-western Finland (Figure 1 ). Stora Enso's Wood Supply Finland (SEWSF) manages timber-transportation services (23 million·m 3 roundwood, wood chips and bark) in its wood procurement region using a synchronized transportation system (STS) ( Figure 2 ), but the company does not have its own timber-transportation fleet. Currently, 34 small and medium-sized timber-trucking entrepreneurs (with more than 200 trucks) transport roundwood from forests to mills for SEWSF [23, 24] , and the STS is used to manage several issues of energy efficiency, e.g., environmental emissions of HCT (high-capacity transportation). The STS includes tools that can be used for calculating energy efficiency in separate phases of the adaptation process of the transportation fleet.
Since 2000, the forest industry has improved the cost efficiency of road transportation by optimizing routes, minimizing haulage costs and maximizing the vehicles' net loads [25, 26] . Currently, increased domestic supply to pulp mills and climate change are affecting haulage by causing regional local disturbances (e.g., due to need for better road infrastructure) in the fleet management of timber transportation [27] [28] [29] . In this respect, scholars have recommended that entrepreneurs adjust their fleets to increase the vehicles' maximum mass towards high HCT [8] . In practice, the adaptation of transportation fleets to changed conditions reduces the amount of vehicle traffic intensity on the road infrastructure that is required to deliver the timber amount demanded by the mills. It is also argued that HCT can also increase energy efficiency of the STS. Although total fuel consumption has been reduced to some extent, HCT can provide further energy-efficiency benefits on a good road infrastructure even without continual optimization of wood flow and transportation operations [10, 11] . 
Figure 2.
Energy-efficiency criteria of synchronized transportation system (STS). A high-capacity transportation (HCT) fleet of small-scale transportation company (system inputs) generates costs, emissions, revenues and services (system outputs) in STS of the wood procurement organization.
In the forest industry in Europe, timber trucks' fuel consumption when procuring wood has been the subject of numerous studies in the 21st century [30, 31] . However, these trucks' energy efficiency during wood procurement has only seldom been a research topic [16, 32] . By contrast, in the pulp and paper industry, there have been plenty of such efficiency studies for a long time, among others the international large scale-modelling [33] , the large scale models in Spain [34] , Sweden [35, 36] , in Germany [37] , in Brazil [38] , in USA [39] , and in China [40] . Furthermore, the small-scale energy-efficiency models are used in Scandinavia [41] [42] [43] . These studies have developed energy-efficiency calculations methods, which can be developed for energy-efficiency assessments of timber transportation in wood procurement organizations.
On the other hand, environmental-emission assessments have been used by life-cycle models to examine several other efficiency-related decision-making issues in the forest industry [44] [45] [46] [47] . The energy efficiency calculations of these studies are focused on balancing CO 2 -emissions for reducing climate change. There have also been critical discussions about efficiency assessment methods [48] . Palander [10] stated that "the commonly used impact assessment metric, the emission efficiency, and how it is applied in environmental assessments, has been criticized for insufficiently accounting for locally located carbon sequestration and timing of emissions [49, 50] . They suggest that road transportation of wood procurement contribute to environmental problems at different geographical scales, ranging from local emissions to global climate change [13] . Therefore, this study uses the assumption that increasing energy efficiency may require tailored transportation fleet-management control (TFMC) to ensure the effective scheduling of transportation operations at the local level of a wood procurement organization.
Since 2014, road-transportation vehicle fleets have moved towards greater use of HCT, as the Finnish forest industry has come to prefer heavier timber loads [6] . To meet the needs of that industry and follow the environmental regulations of the European Union, the Ministry of Transport and Communications of Finland (2013) increased the maximum mass and transport capacity of HCT for those with nine axles e.g., four axles in the truck and five axles in the trailer (Table 1 ) [51] . Recently (22 January 2019), HCT was allowed to increase the maximum length (34.5 m) in Finland, but that is outside the scope of this study. Table 1 . Changes in maximum mass (t) and number of axles for vehicle combinations in Finland (adapted from [11] ). The increase in the maximum mass has provided lower haulage costs and meant more acceptable global logistics and fuel economy [52, 53] . The change to larger vehicle combinations has also contributed to the adoption of energy efficient vehicle technologies [11] . The HCT has another advantage: the smaller fleet-management risk of disturbances in old roads' infrastructure, as HCT vehicles have stronger road safety than smaller ones because of their better weight ratio between truck and trailer [52, 54] . This is partly due to the increased number of axles in the vehicles (Table 1 and Figure 3 ). However, since 2014, HCT fleets have been managed using conventional TFMC on various transportation routes. Therefore, novel information and understanding regarding HCT is needed to determine the most efficient TFMC for main roads' transportation infrastructures. To do so, relative energy-efficiency calculations are needed, and research should be focused on local-road categories (forest roads and roads with speed <60 km/h). The fuel consumption of trucks depends on the road conditions [4, 13, 55] . It is clear that a vehicle's technical efficiency and the distance that it spends running empty also affect its fuel consumption and environmental benefits [11, 12] . Furthermore, in the STS (Figure 2 ), the applied TFMC and information of load constraints may impact on HCT's benefits. On the other hand, the degree of empty running may be dependent on the transportation modes of synchromodal supply systems [56] , but that is outside the scope of this study. Furthermore, in the STS (Figure 2 ), the applied TFMC and information of load constraints may impact on HCT's benefits. On the other hand, the degree of empty running may be dependent on the transportation modes of synchromodal supply systems [56] , but that is outside the scope of this study.
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(a) (b) As mentioned previously, the adoption of more efficient vehicle technologies is part of the adaptation process of the transportation fleet. In the early phase of this process (2013-2014), the efficiencies of STSs depended on transportation entrepreneurs' desire to buy and use larger and heavier trucks and trailers [15] . In later phase, the increase in energy efficiency depended largely on the road-transportation infrastructure. In practice, loads carried on the HCT are limited by local logistics and physical road constraints. Therefore, increased energy efficiency is dependent on information about the fleet-management options to avoid arbitrary scaling down of the road-dependent constraints on vehicle loading. In this respect, this study compares fleet-management methods to reveal how energy efficiency can be increased after the three-year (2014-2016) process in which SEWSF's fleet adapted to the 76 t mass limits. Furthermore, making a deeper collaboration and forming future plans with the entrepreneurs who are contracted to wood procurement organization require a profound understanding of the situation regarding energy efficiency in important road-transportation conditions. Currently, this kind of information on TFMC is not available. Overall, this study is focused on the energy efficiency of STS to intensify TFMC of the Finnish forest industry. This study aims to • investigate the extent to which HCT configurations are insufficiently loaded during timber transportation; • determine the impacts that HCT have on the energy efficiency of the STS in respect to the EURO-VI diesel engines; and • recommend most effective options of TFMC to enable HCT to carry their maximum weights.
In this introduction section state of the art analysis is provided regarding timber trucks' emissions, energy efficiency, fuel consumption and fleet management. Next, the content of the article is structured into two main sections: As mentioned previously, the adoption of more efficient vehicle technologies is part of the adaptation process of the transportation fleet. In the early phase of this process (2013-2014), the efficiencies of STSs depended on transportation entrepreneurs' desire to buy and use larger and heavier trucks and trailers [15] . In later phase, the increase in energy efficiency depended largely on the road-transportation infrastructure. In practice, loads carried on the HCT are limited by local logistics and physical road constraints. Therefore, increased energy efficiency is dependent on information about the fleet-management options to avoid arbitrary scaling down of the road-dependent constraints on vehicle loading. In this respect, this study compares fleet-management methods to reveal how energy efficiency can be increased after the three-year (2014-2016) process in which SEWSF's fleet adapted to the 76 t mass limits. Furthermore, making a deeper collaboration and forming future plans with the entrepreneurs who are contracted to wood procurement organization require a profound understanding of the situation regarding energy efficiency in important road-transportation conditions. Currently, this kind of information on TFMC is not available. Overall, this study is focused on the energy efficiency of STS to intensify TFMC of the Finnish forest industry. This study aims to • investigate the extent to which HCT configurations are insufficiently loaded during timber transportation; • determine the impacts that HCT have on the energy efficiency of the STS in respect to the EURO-VI diesel engines; and • recommend most effective options of TFMC to enable HCT to carry their maximum weights.
In this introduction section state of the art analysis is provided regarding timber trucks' emissions, energy efficiency, fuel consumption and fleet management. Next, the content of the article is structured into two main sections:
• data collection and method description regarding the energy efficiency of road-freight transportation in the STS; • results and discussion based on the potentiality of TFMC to increase the energy efficiency.
Material and Methods
The enterprise resource planning (ERP) system of SEWSF was utilized to collect automatically real digital big data in 2017. The vehicles' real measurements data include results from fuel consumption (e.g., Figure 4 ), air emissions, maximum and load-constraint mass, transport distances, logistics transport situation, etc, from 363,850 timber assortment deliveries from forests to mills during 2016. In addition to the real vehicle data, national road freight statistics from the year 2016 were used for the energy efficiency calculations of the STS in SEWSF [19] . • data collection and method description regarding the energy efficiency of road-freight transportation in the STS; • results and discussion based on the potentiality of TFMC to increase the energy efficiency.
The enterprise resource planning (ERP) system of SEWSF was utilized to collect automatically real digital big data in 2017. The vehicles' real measurements data include results from fuel consumption (e.g. Figure 4 ), air emissions, maximum and load-constraint mass, transport distances, logistics transport situation, etc, from 363,850 timber assortment deliveries from forests to mills during 2016. In addition to the real vehicle data, national road freight statistics from the year 2016 were used for the energy efficiency calculations of the STS in SEWSF [19] . To facilitate comparisons between three TFMC options in SEWSF, the emission data from the Traffic Emissions Database [19] and Mårtensson [18] were combined with the ERP data. HCT fleets' transportation routes consist of travelling on highways, and local and forest roads (100%). The TFMC options describe transportation situations for various road networks for HCT travelling on forest roads: A = 40, 4 and 2% for 64, 68 and 76 t, respectively ( Figure 5) ; B = 15, 15 and 15%, respectively ( Figure 2 ); and C = 5, 5 and 5%, respectively ( Figure 6 ). Option A is the group transportation method; option B is the method that was used most often for the typical Finnish road infrastructure in SEWSF, without good road network (highway, local and forest road); and option C is the method that uses a good future road network constructed between important industrial ecosystems of Finland. In addition to improved highways and local roads, HCTs (76 t with crane) need larger turning place on forest roads (Figure 7 ). To facilitate comparisons between three TFMC options in SEWSF, the emission data from the Traffic Emissions Database [19] and Mårtensson [18] were combined with the ERP data. HCT fleets' transportation routes consist of travelling on highways, and local and forest roads (100%). The TFMC options describe transportation situations for various road networks for HCT travelling on forest roads: A = 40, 4 and 2% for 64, 68 and 76 t, respectively ( Figure 5) ; B = 15, 15 and 15%, respectively ( Figure 2 ); and C = 5, 5 and 5%, respectively ( Figure 6 ). Option A is the group transportation method; option B is the method that was used most often for the typical Finnish road infrastructure in SEWSF, without good road network (highway, local and forest road); and option C is the method that uses a good future road network constructed between important industrial ecosystems of Finland. In addition to improved highways and local roads, HCTs (76 t with crane) need larger turning place on forest roads (Figure 7 ). • data collection and method description regarding the energy efficiency of road-freight transportation in the STS; • results and discussion based on the potentiality of TFMC to increase the energy efficiency.
The enterprise resource planning (ERP) system of SEWSF was utilized to collect automatically real digital big data in 2017. The vehicles' real measurements data include results from fuel consumption (e.g. Figure 4 ), air emissions, maximum and load-constraint mass, transport distances, logistics transport situation, etc, from 363,850 timber assortment deliveries from forests to mills during 2016. In addition to the real vehicle data, national road freight statistics from the year 2016 were used for the energy efficiency calculations of the STS in SEWSF [19] . To facilitate comparisons between three TFMC options in SEWSF, the emission data from the Traffic Emissions Database [19] and Mårtensson [18] were combined with the ERP data. HCT fleets' transportation routes consist of travelling on highways, and local and forest roads (100%). The TFMC options describe transportation situations for various road networks for HCT travelling on forest roads: A = 40, 4 and 2% for 64, 68 and 76 t, respectively ( Figure 5) ; B = 15, 15 and 15%, respectively ( Figure 2 ); and C = 5, 5 and 5%, respectively ( Figure 6 ). Option A is the group transportation method; option B is the method that was used most often for the typical Finnish road infrastructure in SEWSF, without good road network (highway, local and forest road); and option C is the method that uses a good future road network constructed between important industrial ecosystems of Finland. In addition to improved highways and local roads, HCTs (76 t with crane) need larger turning place on forest roads (Figure 7) . Fuel consumption l 100 km -1 Load mass, t 76 t 68 t 64 t Figure 5 . The group transportation method of timber. A 64 t vehicle operates on forest roads for delivering a fully loaded trailer (1) from forest to local terminal, and loads ≥76 t vehicles (3,4,5) from truck (2) or terminal's piles, and takes an empty trailer (4) back to forest; ≥76 t vehicles deliver loads from terminals to mills. The ERP data of the energy efficiency analysis are obtained regarding the distances that each vehicle combination travelled with empty loads, mass-constrained loads and the timber quantity moved over these distances ( Table 2 ). The fleet-management options (FMO) are quantified as HCT's travelling percentages on forest road from logistics data of SEWSF's ERP (Figure 8 ). The maximum payload weight (MPW) ratio is calculated as the average ratios of the legal maximum payload weight (LPW) that can be carried on 64, 68 and 76 t vehicles to that of a 76 t vehicle combination [11] . Each vehicle's kilometers travelled is multiplied by its MPW ratio to estimate the change in laden-vehicle-kilometers (CLV). The potential total change (PTC) is measured in relation to the trip distances length by summing the travelled with empty and maximum loads. Next, the load factor (LF) is applied to the reduced change (RC) in recognition of the fact that the loads of some vehicle combinations are limited by volume, road infrastructure, scheduling or other constraints. On the other hand, vehicles may be loaded over its legal mass. The fuel consumption (FC) is calculated The ERP data of the energy efficiency analysis are obtained regarding the distances that each vehicle combination travelled with empty loads, mass-constrained loads and the timber quantity moved over these distances ( Table 2 ). The fleet-management options (FMO) are quantified as HCT's travelling percentages on forest road from logistics data of SEWSF's ERP (Figure 8 ). The maximum payload weight (MPW) ratio is calculated as the average ratios of the legal maximum payload weight (LPW) that can be carried on 64, 68 and 76 t vehicles to that of a 76 t vehicle combination [11] . Each vehicle's kilometers travelled is multiplied by its MPW ratio to estimate the change in laden-vehicle-kilometers (CLV). The potential total change (PTC) is measured in relation to the trip distances length by summing the travelled with empty and maximum loads. Next, the load factor (LF) is applied to the reduced change (RC) in recognition of the fact that the loads of some vehicle combinations are limited by volume, road infrastructure, scheduling or other constraints. On the other hand, vehicles may be loaded over its legal mass. The fuel consumption (FC) is calculated The ERP data of the energy efficiency analysis are obtained regarding the distances that each vehicle combination travelled with empty loads, mass-constrained loads and the timber quantity moved over these distances ( Table 2 ). The fleet-management options (FMO) are quantified as HCT's travelling percentages on forest road from logistics data of SEWSF's ERP (Figure 8 ). The maximum payload weight (MPW) ratio is calculated as the average ratios of the legal maximum payload weight (LPW) that can be carried on 64, 68 and 76 t vehicles to that of a 76 t vehicle combination [11] . Each vehicle's kilometers travelled is multiplied by its MPW ratio to estimate the change in laden-vehicle-kilometers (CLV). The potential total change (PTC) is measured in relation to the trip distances length by summing the travelled with empty and maximum loads. Next, the load factor (LF) is applied to the reduced change (RC) in recognition of the fact that the loads of some vehicle combinations are limited by volume, road infrastructure, scheduling or other constraints. On the other hand, vehicles may be loaded over its legal mass. The fuel consumption (FC) is calculated based on monitoring fuel data in stages of timber transportation trip. The energy efficiency (EE) on these trips-as well as the changes in vehicle-kilometers, fuel consumption and vehicle exhaust emissions-are calculated for each of the levels of load migration towards the maximum load weights. Table 2 . Road-freight transportation data in 2016. The maximum mass limit of HCT, average timber quantity, quantitative difference between empty vehicle distance and laden vehicle distance, difference in load factor, number of trips and the average mass of the empty vehicle combinations.
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Limit ( based on monitoring fuel data in stages of timber transportation trip. The energy efficiency (EE) on these trips-as well as the changes in vehicle-kilometers, fuel consumption and vehicle exhaust emissions-are calculated for each of the levels of load migration towards the maximum load weights. Table 2 . Road-freight transportation data in 2016. The maximum mass limit of HCT, average timber quantity, quantitative difference between empty vehicle distance and laden vehicle distance, difference in load factor, number of trips and the average mass of the empty vehicle combinations. The follow-up method was used to monitor the progress of road-freight transportation. In this stage of the analysis, the quantitative impacts of the HCT were investigated; mass limits for various vehicle combinations in SEWSF's road-transportation fleet had after a three-year adaptation process. In the next stage of the analysis, the impact of the HCT on the energy efficiency was assessed using the calculation method of STS (Figures 2 and 8 The follow-up method was used to monitor the progress of road-freight transportation. In this stage of the analysis, the quantitative impacts of the HCT were investigated; mass limits for various vehicle combinations in SEWSF's road-transportation fleet had after a three-year adaptation process. In the next stage of the analysis, the impact of the HCT on the energy efficiency was assessed using the calculation method of STS (Figures 2 and 8) subjected to load constraints which are formulated in accordance with the EU's statistical directive in the European Modular Systems [11, 57] . The method combines the timber-transportation and fuel-consumption data using the multistep model that is applied to Finnish transportation conditions (Figure 8 ). The flowchart was translated into VBA (Visual Basic for Applications) of Excel, which provides highly flexible programming capabilities for both input and output data of STS.

Results
The changes in the energy efficiency of three TFMC options in SEWSF were calculated based on the changes in the total measurements of timber transportation (timber, distance and fuel) that resulted from the vehicle combinations' maximum mass increase (Figure 9 ). Actually, various local changes were made by the entrepreneurs from the timber-transportation fleet of 60 t vehicles to a vehicle mix of 64, 68 and 76 t combinations in wood procurement regions. A follow-up analysis of the CLV-quantity (laden-tkm) was used to reveal how an increase in vehicle mass changed the corresponding payload after the completion of the three-year adaptation period towards HCT in which the STS moved towards the mass limit of 76 t. At the beginning of the adaptation process, the 60 t vehicles' share of the total transport quantity (laden-tkm) was 100%. After one year, the shares for the 64, 68 and 76 t vehicles were calculated as, respectively, 61.7, 26.1 and 12.2%. At the end of the three-year period, the 64, 68 and 76 t shares were 5.8, 31.4 and 62.8%, respectively. [11, 57] . The method combines the timber-transportation and fuel-consumption data using the multistep model that is applied to Finnish transportation conditions (Figure 8 ). The flowchart was translated into VBA (Visual Basic for Applications) of Excel, which provides highly flexible programming capabilities for both input and output data of STS.
The changes in the energy efficiency of three TFMC options in SEWSF were calculated based on the changes in the total measurements of timber transportation (timber, distance and fuel) that resulted from the vehicle combinations' maximum mass increase (Figure 9 ). Actually, various local changes were made by the entrepreneurs from the timber-transportation fleet of 60 t vehicles to a vehicle mix of 64, 68 and 76 t combinations in wood procurement regions. A follow-up analysis of the CLV-quantity (laden-tkm) was used to reveal how an increase in vehicle mass changed the corresponding payload after the completion of the three-year adaptation period towards HCT in which the STS moved towards the mass limit of 76 t. At the beginning of the adaptation process, the 60 t vehicles' share of the total transport quantity (laden-tkm) was 100%. After one year, the shares for the 64, 68 and 76 t vehicles were calculated as, respectively, 61.7, 26.1 and 12.2%. At the end of the three-year period, the 64, 68 and 76 t shares were 5.8, 31.4 and 62.8%, respectively. In 2016, the 64, 68 and 76 t vehicle combinations made 19,800, 70,800 and 121,600 trips, respectively. The transport distance varied from 1 to 441 laden-km, and the operational fuel consumption was about 10628,459 L for measured trips. Due to HCT's higher timber load capacity, their energy efficiency during timber transportation was 13.4% higher per tkm for measured loads in the entire fleet of the STS. There is also the theoretical potential for a further 3.1% increase in energy efficiency within the STS, if all timber is transported from forest to mill using 76 t vehicles. Compared to the results for 64 t vehicle combinations the average CO2 emissions of 76 t vehicles were 3.5% higher per load's vehicle-kilometer. The CO2 emissions of road-transportation vehicles (kg) were calculated for PTC-quantity of the vehicle combination in the STS in the efficient highway network, i.e. in FMO-C. Table 3 illustrates the effects that the road infrastructures have on the RC-quantities. Table 3 also describes transportation solutions from applied options of the TFMC for these infrastructures with respect to actual (and, a priori, equal) transportation quantity from forest to mills. Thus, the various options (A, B and C) can be compared by calculating the reduced changes (RCs) in In 2016, the 64, 68 and 76 t vehicle combinations made 19,800, 70,800 and 121,600 trips, respectively. The transport distance varied from 1 to 441 laden-km, and the operational fuel consumption was about 10,628,459 L for measured trips. Due to HCT's higher timber load capacity, their energy efficiency during timber transportation was 13.4% higher per tkm for measured loads in the entire fleet of the STS. There is also the theoretical potential for a further 3.1% increase in energy efficiency within the STS, if all timber is transported from forest to mill using 76 t vehicles. Compared to the results for 64 t vehicle combinations the average CO 2 emissions of 76 t vehicles were 3.5% higher per load's vehicle-kilometer. The CO 2 emissions of road-transportation vehicles (kg) were calculated for PTC-quantity of the vehicle combination in the STS in the efficient highway network, i.e., in FMO-C. Table 3 illustrates the effects that the road infrastructures have on the RC-quantities. Table 3 also describes transportation solutions from applied options of the TFMC for these infrastructures with respect to actual (and, a priori, equal) transportation quantity from forest to mills. Thus, the various options (A, B and C) can be compared by calculating the reduced changes (RCs) in vehicle-kilometers, fuel consumption and vehicle exhaust emissions for energy efficiency. In fact, SEWSF's transportation entrepreneurs operate on a road network that consists of several road classes simultaneously. Table 4 reports the changes of the fuel consumption and air emissions for all three vehicle combinations in respect to the EURO-0 and EURO-VI diesel engines. Table 4 also compares the energy efficiency of the STS for the fleet-management methods A, B and C applied for driving on forest roads and with a priori equal total RC-quantities of timber transportation distance. For example, it shows how the reduction in fuel consumption (780,922 L) and corresponding diesel exhaust emissions of 76 t vehicles was smaller (7.5%) for the fleet-management method A (group) compared to B (current), as SEWSF's fleet adjusted to the 76 t mass limit. As another example, if SEWSF's total consumption of diesel is reduced by 3.5%, as from B (current) to C (future), the CO 2 emissions decrease 910,860 kg during the adjustment process. 
Discussion
In this study, three options of TFMC were analyzed for the management of transportation fleets' vehicle combinations (64, 68 and 76 t). The results suggest that the tailored fleet-management methods are needed to achieve all of HCT's benefits in local wood transportation systems and supply chains. Furthermore, the results suggest that the efficient TFMC could be used to increase the attained level of energy efficiency of the STS from HCT. So far, based on the three-year adaptation process of the STS to use HCT, there has been a remarkable reduction in fuel consumption and in environmental emissions in the STS of SEWSF and the whole industrial ecosystem, as Korhonen [7, 8] suggested. SEWSF is the wood procurement organization of the large forest industry company in Finland, which delivered one third of used wood resources to mills (23 million·m 3 ) in 2016. Therefore, this study is a good representative of the homogenous situation of timber transportation in Finland.
The impact that the HCT had on energy efficiencies was compared by coupling the vehicles' mass limits and size limits, as researchers have done in past experiments [11, 13, 16] . In addition, this study's data were large real measurements data of transportation operations collected from the ERP system, which were then combined with emission data from the literature and from databases. As the novel research issue, the impact of the fleet-management methods (FMO-A and C) on energy efficiencies was compared against the current fleet-management method (FMO-B) in the same data. Figure 9 and Table 4 illustrate these energy efficiency calculations-for example, the energy efficiencies of the 76 t group vehicles that worked together with 64 and 68 t vehicles in SEWSF's road-transportation conditions (FMO-A). The investigation revealed that trips' relative energy efficiency was high (+7.5%) with the group management method (FMO-A). It was also higher than the efficiency in the future road infrastructure option (FMO-C). The overall results of the TFMC indicated positive impacts, which confirm that HCT can serve as an environmentally friendly transportation system. This result is consistent with suggestion made by Palander [10] .
Since 2014, the loads for vehicles increased quite remarkably from 64 to 76 t, and the load factor (LF) was relatively high. The drivers did load the trucks close to the maximum load weight. However, the drivers of the 76 t vehicles did not reach the maximum permitted gross weight (Table 2) , attaining a load utilization of 97%. It is unclear why a higher figure was not attained, but one possible explanation involves volume limitations (e.g., logs that were bucked in lengths that were too short), thus requiring additional time during careful loading, as several scholars have suggested (Figure 3 ). Another important explanation involves the 76 t vehicles. In the group transportation method of TFMC, several trucks must collaborate if the 76 t vehicles have no cranes or do not use forest roads and storage. Therefore, the smaller vehicles with cranes (64 and 68 t) must be used to load the group (76 t) vehicles, which are capable of carrying a 10% heavier load. Sometimes, in local-wood inventory conditions, in particularly, if a crane is used, the fleet-management options of the TFMC can experience difficulties in reaching the maximum permitted gross weight of 76 t.
The energy efficiency of trips increased 13.4% in SEWSF's STS relative to the efficiency for the year 2014. Furthermore, this study revealed a 3.1% potential increase in energy efficiency. These figures underestimate the prediction of the Finnish government for the road freight sector [52] regarding a full adjustment to the maximum mass limit of 76 t. In this respect, the predicted 32% increase of 76 t vehicles with regards to the energy efficiencies is an overestimate. It is important to note that, instead of the legal load mass of 60 t vehicle, the 66 t vehicle (64 t + 2 t of overload) is the reference for SEWSF in practice. In this regard, this study suggests that, in the industrial ecosystems of Finland, the use of 76 t vehicles can reduce CO 2 emissions by about 20% relative to the legal load mass of 60 t vehicles. The more positive environmental impacts are probably based on overly optimistic assumptions. The calculation method used in this study could be used to improve the accuracy of energy efficiency and emission assessments. So far, wood procurement optimization problems like the STS have been solved using the minimization of operation costs (cost efficiency) as the criterion [25, 26] . In addition to costs, the STS can be robustly optimized in the near future to increase the STS's energy efficiency and to reduce trucks' exhaust emissions. Furthermore, the STS can also be solved as a multiple criteria solution (cost and energy efficient solution) by using an optimization program with the calculation method of this study.
In addition to CO 2 emissions, the HCT's impact on several diesel exhaust emissions were calculated, which associated with potential fleet-management methods and road-class constraints within SEWSF's wood-procurement region. For transportation, pollutants such as SO 2 and NO X might be much more harmful to the environment than CO 2 and it would be much more valuable to study the changes in pollutants such as SO 2 and NO X than CO 2 . It is also argued that for diesel engines the most critical emissions have been NO X and particulates. Table 4 shows that since the Euro I for diesel engines was introduced in 1992, the NO X and SO 2 emissions have been decreased by more than 96% and the particulate emission by 99%. Therefore, since 2014, European standards on exhaust emissions (Euro IV) really mean that timber trucks are cleaner now than they have ever been in Finland.
The load-carrying capacity needs to be discussed in this paper, because it is increased and targeted by the regulations of the Ministry of Transport and Communications of Finland [52] . The load-carrying capacity can be increased in three ways, with increases in load width, height or length. Prior to considering these possibilities for highway use, their impact on vehicle dynamics was examined to ensure that the designs would be safe for drivers. Each vehicle combination that is designed for increasing the load-carrying capacity must also be safe for other road users. By the same token, the vehicle dynamics should be evaluated before the vehicles can be considered for use on forest roads. Furthermore, stakeholders should be educated and trained to maximize log payloads for operating longer, higher and wider log trucks on forest roads. Maximizing payloads is not the solution for all the challenges in the transportation sector, but it can increase energy efficiency and prolong trucks' economic viability without adding costs. A data analysis of this study revealed that seven-(64 t) and eight-axle (68 t) vehicle combinations are able to reach maximum axle weights. The excessive-weight problem was more evident with the seven-axle configurations because of their smaller payload capacity. Overloading can reduce cost efficiency and result in lost revenue for the hauling contractor, as load controls have tightened, and overloads of greater than 5% have been sanctioned. On the other hand, if a vehicle reaches its volumetric limit before reaching its weight capacity, the transportation company will not receive the full rate (€/tkm) for its hauling costs, so underweight loads lead to lost revenue because they prevent entrepreneurs from taking advantage of payload capacities above the minimum level, on which the rate is based. This problem can be avoided by using longer trailers in the future, because recently (22.1.2019) HCT was allowed to increase the maximum length (34.5 m) in Finland.
Due to the pressure to increase timber transportation in Finland, the STSs of the forest industry are changing towards HCT. The results of this study support these development targets. Actually, the Finnish forest industry is developing synchromodal supply chains and network, which are focused on flexible transportation modes as a new option for local supply chain managers to increase the total energy efficiency [56] . Here, the most important mode of the supply chain was studied from the timber buyer's perspective. It is also important to compare energy efficiencies from a transportation entrepreneur's perspective, perhaps by comparing these findings more comprehensively in a collaborative study in which service providers and timber buyers manage fleets of HCT together. In this respect, both road conditions and cost efficiency should be discussed a lot as the important issues, but cost efficiency is outside the scope of this study. For an additional road infrastructure investment, the Trans-European Transport Network (TEN-T) guidelines identify certain requirements and development priorities, as well as the instruments for their implementation [55] . The TEN-T guidelines are to be applied in the future transportation network of the European Union. In this respect, new highways between Finland's main industrial ecosystems are required to create a 100% carbon-neutral energy base for the Finnish distributed forest industry [6] . In addition to new highways, local road-transportation conditions (e.g., road network) should also be improved. However, due to the TEN-T guidelines, it is unlikely that the transportation network will increase to the same degree that the requirements of HCT will increase [27, 28] . Therefore, the group transportation method (FMO-A) will be the most efficient option of the TFMC in the future.
Conclusions
The Finnish forest-product companies provide renewable products and can address their environmental sustainability burdens by developing carbon neutral transportation operations. An approach using TFMC for the STS adjustment is proposed in increasing the energy efficiency of the STS of wood procurement. The study revealed that the forest industry has almost reached HCT's full potential related to the STS's energy efficiency. During the adaptation period (2014-2016), the energy efficiency increased by 13.4% for the measured loads. Based on the results, there remains a 3.1% potential increase in the STS's energy efficiency. Therefore, the energy efficiency analysis provides novel insights into the impacts of the TFMC on HCT's benefits. The group transportation method (FMO-A) was the most efficient TFMC (+7.5%) in the STS of Finland; thus, tailored TFMC should be used in wood-procurement logistics. This method is also suggested for other companies in the forest industry, both in Finland and abroad, because the STS and its road-class constraints can be robustly optimized in the near future to increase the STS's energy efficiency and to reduce trucks' exhaust emissions.
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